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Vasiliki Kostogiannes: Relationships between lower extremity movement quality, visual 
performance, and head impact biomechanics in high school football players 
(Under the direction of Johna Register-Mihalik) 
The purpose of this study was to determine if movement quality, and visual 
performance were associated with head impact biomechanics in high school football 
players. We also examined potential relationships between our performance metrics, the 
Landing Error Scoring System (LESS) and Senaptec Sensory Station tablet tests. 
Throughout football season, we monitored head impacts using the Head Impact 
Telemetry System (HITS). Peak linear and rotational accelerations of head impacts were 
modeled using random intercept general mixed models. We used logistic regressions to 
examine relationships between visual performance metrics and LESS performance group. 
Good movers did not experience lower head impact magnitudes than poor movers. Few 
associations were found between visual performance and head impact magnitudes. We 
conclude that the LESS and the Senaptec Sensory Station tablet tests may not be the ideal 
tools for understanding magnitude of head impacts in high school football players, and 
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CHAPTER I – INTRODUCTION 
In the last three decades, over 35 million adolescent males participated in 
American high school football, making it one of the most popular high school sports in 
recent history.1 Unfortunately, the high-contact nature of football creates an environment 
that perpetuates high injury risks for football players. Remarkably, sport-related 
concussions (SRC) account for an estimated 17% of all injuries sustained by high school 
football players.2 An epidemiological study conducted in the late 1990s showed that 
almost 50% of high school football players had reported sustaining at least one 
concussion during their playing careers.1 Concussive injuries are associated with 
excessive linear and rotational head accelerations that arise from both direct and indirect 
head impacts.3  A unique aspect to football exposes some players to potentially sustaining 
a head impact in nearly every play of a game. Throughout the season, athletes can 
accumulate up to 1600 head impacts.4 Although each individual head impact may not be 
enough to cause SRC, the accumulation of these repetitive head impacts can have 
negatives effects on structural integrity and functions the brain, even when there are no 
clinically recognizable symptoms of injury.5  
The risk of sustaining severe head impacts and concussions includes many 
extrinsic and intrinsic factors.7 Extrinsic risk factors for head impacts, such as play type, 
closing distance, and time in season, have been more extensively researched.8,9 Less 
studied, are intrinsic risk factors. Two intrinsic factors that may be independently related 
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to the risk of sustaining head impacts and SRC are movement patterns of the lower 
extremity and visual performance.10,11  
Lower extremity movement patterns may impact a player’s ability to effectively 
avoid an impending collision. There is an abundance of literature associating poor lower 
extremity movement patterns with musculoskeletal injury risk.12–16 These risks are 
largely attributed to lack of movement efficiency causing dangerous joint angles, which 
require ligamentous and soft tissue structures to absorb abnormal loading of the body. 
Movement patterns that compromise speed and agility can hinder an athlete’s ability to 
effectively avoid or brace for a potentially harmful situation. Further, adequate 
neuromuscular stability of an athlete’s proximal segments directly impacts their ability 
control their distal segments.17 
This link may possibly be extended to concussion risk; the body needs to be in an 
optimal position and move in a coordinated fashion to be protected from dangerous head 
impacts. However, there is a lack of current evidence evaluating the relationship between 
lower extremity movement quality and increased risk of sustaining the severe head 
impacts that may place athletes at risk for concussive injury. Ford et al. examined 
potential relationships between movement quality screenings and head impact 
biomechanics.18 Their results did not support their hypothesis that lower extremity 
movement patterns can be a surrogate for assessing individual risk for sustaining severe 
head impacts in a division I collegiate setting. Ford noted that her sample of football 
players were elite athletes with rather homogenous movement quality. This idea has not 




Similarly, sustaining SRC has been associated with dysfunctional lower extremity 
movement patterns and disrupted visual performance.19–22 In addition to identifying gait 
abnormalities,20,21 multiple papers have asserted that an athlete’s risk of lower extremity 
injury is increased during the weeks following their return to play following SRC.23,24 
The exact mechanism by which this phenomenon seems to continuously occur remains 
unknown. Further, Eckner et al. determined that simple reaction time can be significantly 
slowed in people within 48 hours of sustaining a concussion.25 Despite the amount of 
literature linking movement patterns to lower extremity injury, there is a lack of current 
evidence relating lower extremity movement patterns to an increased risk of sustaining 
severe head impacts. However, the idea that lower extremity movement patterns can be 
related to an athlete’s ability to remove their head from a risky situation is logical and 
merits investigation, especially in high school athletes. 
Recently, it has been proposed that visual performance may be associated with an 
athlete’s risk for sustaining head impacts and SRC.10  Some researchers believe that 
visual abilities of high level athletes exceed those of the average population; however, 
controversy remains as to why this occurs.26 These older, more elite athletes, at least in 
some cohorts have a lower risk of concussion than their younger counter parts (e.g. 
professional vs. college vs. high school).  The visual system is comprised of two main 
components the structure, or the physical structure and anatomical variations of the eye, 
and the function, which refers to the brain’s integration and interpretation of the visual 
information relayed by the sensory organs.27 Both components may play a role in the 
ability to avoid severe head impacts. Athletes that are less capable of receiving, 
processing, and responding to visual information may diminish their ability to anticipate 
4 
 
and brace for an impending collision, or avoid the impact entirely.10  In addition, more 
clinically available visual tasks may need to be considered such as Near Point 
Convergence (NPC).    
Given the potential associations between movement patterns of the lower 
extremity, visual performance, and head impact biomechanics, obtaining preseason 
metrics in these areas may assist clinicians in identifying athletes that are at an increased 
risk for sustaining a higher magnitude head impacts. Therefore, the purpose of this study 
was two-fold. The first aim was to determine if preseason lower extremity movement 
patterns and visual performance are associated with head impact biomechanics for one 
playing season in high school football players. Additionally, we examined the 
relationship between performance on the Landing Error Scoring System (LESS) and 
visual performance metrics. A relationship between these variables may indicate that both 
lower extremity movement patterns and visual performance have a combined effect on 
head impact biomechanics in high school football players.  
Research Questions and Hypotheses  
Research Question I (Prospective): Are preseason measures of lower extremity 
movement quality and visual performance associated with head impact biomechanics of 
high school football players over one playing season? 
RQ Ia: Are preseason LESS scores predictive of the magnitude of head impacts athletes 
sustain over one playing season of high school football? 
Hypothesis Ia: Players that are considered “poor” movers (5 or more errors) on their 
preseason LESS will experience head impacts with a higher peak linear (g) and rotational 
(rad/s) acceleration than “good” movers (0-4 errors) 
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Explanatory Variable: Preseason performance (poor vs. good) on the LESS assessment 
Outcome Variables:  Linear (g) and rotational (rad/s) acceleration of head impacts 
sustained during one playing season of high school football 
RQ Ib: Are preseason visual performance metrics predictive of the magnitude of head 
impacts athletes sustain over one playing season of high school football? 
Hypothesis Ib: Players with worse visual performance metrics including: Near Point 
Convergence, Depth Perception, Near-Far Quickness, Perception Span, Multiple Object 
Tracking, and Reaction Time will experience head impacts with higher peak linear and 
rotational acceleration during one playing season of high school football. We do not 
expect to see statistically significant differences resulting from scores on Visual Clarity 
or Contrast Sensitivity. 
Explanatory Variables: Pre-season performance scores on the NPC task and each of the 
seven Senaptec Sensory Station metrics. 
Outcome Variables: Linear (g) and rotational (rad/s) acceleration of head impacts 
sustained during one playing season of high school football. 
Research Question II (Cross Sectional): Is there a relationship between pre-season 
visual performance metrics and lower extremity movement quality in high school football 
players? 
Hypothesis II: There will be significant relationships between visual performance metrics 
(Near Point Convergence, Visual Clarity, Contrast Sensitivity, Depth Perception, Near-
Far Quickness, Perception Span, Multiple Object Tracking, Reaction Time) and 
movement quality (poor vs. good LESS scores). 
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Explanatory Variables: Scores on preseason visual performance metrics (NPC, Visual 
Clarity, Contrast Sensitivity, Depth Perception, Near-Far Quickness, Perception Span, 
Multiple Object Tracking, Reaction Time)  
Outcome Variable: Preseason performance (poor vs. good) on the LESS assessment  
Clinical Significance 
 The metrics being examined in this study may be associated with head impacts 
and SRC in high school football players. Movement quality can have a direct impact on 
an athlete’s risk for sustaining a lower extremity injury.14,15,28,29 Theoretically, the same 
principles should apply to head injuries. If the body is in a poor position, its ability to 
brace for an impact or avoid a collision is hindered. Similarly, visual performance has 
been shown to have effects on head impact biomechanics in collegiate athletes. 
Specifically, athletes that were more capable of processing visual information had a 
significant advantage in mitigating the magnitude of sustained head impacts due to their 
ability to anticipate a collision.10,30  
Relating these intrinsic factors with potential injury risk is important to be able to 
identify which individuals within a team are at an increased risk for SRC. By establishing 
a relationship between performance on a preseason LESS test and head impact magnitude 
during a high school football playing season, clinicians can use the LESS as a screening 
tool to determine which athletes are at an increased risk for higher magnitude head 
impacts. Similarly, if there is a relationship between visual performance measured using 
NPC and the Senaptec Sensory Station tablet tests and head impact biomechanics, 
clinicians can employ these measures as preseason screening tools to help determine 
which athletes are at increased risk for sustaining higher magnitude head impacts. 
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Furthermore, understanding the relationship between movement and vision performance 
measures may allow a greater understanding of the interaction these two factors play 
concerning head impact and concussion risk. Given this knowledge recommendations can 
be made regarding preventative programs to increase neuromuscular control of the lower 
extremity and improve visual performance and potentially be better able to more 
efficiently to avoid impending impacts or better brace themselves, protecting their head 






CHAPTER II – A REVIEW OF THE LITERATURE 
Background 
 Considering high school athletes, head impact exposure rates are twice as high in 
collision sports, including American football, than low-impact sports such as basketball, 
soccer and baseball.1,31,7 This can be partially attributed to the popularity of football at the 
high school level compared to other collision sports such as ice hockey and men’s 
lacrosse.1 However, it is unquestionable that the violent nature of football contributes to 
the high head impact exposure rates. A helmet-based accelerometer study showed that the 
average athlete sustained an average of 774 ± 502 head impacts during one season of 
high school football.4 It seems unlikely that such a significant number of head impacts 
could be benign, which constitutes the need for studies that determine how head impacts 
effect high school athletes. A 2014 imaging study of high school football players supports 
the need for investigation of the effects of head impacts in youth and adolescent 
populations. Although none of the participants in this study had sustained a concussion, 
MRI scans including Diffuse Tensor Imaging (DTI) of their brains showed structural 
differences in the number of abnormal voxels in DTI scalars after just one playing season 
of football.6 This finding is consistent with those of other studies that measured mTBI.32  
Additionally, a study conducted by Rowson et al. associated SRC risk with the 
magnitude of linear and rotational acceleration the head experiences from impact.3 Thus, 
identifying individuals that are at risk for sustaining high magnitude head impacts is a 
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key step in attempting to mitigate the effects of head impact and SRC on high school 
athletes that participate in football.  
 Two specific examples of intrinsic factors that potentially affect high school 
football players’ risk for sustaining high magnitude head impacts and SRC are movement 
quality and visual performance.10,33 There is a multitude of evidence that associates poor 
lower extremity movement patterns with risk of orthopedic injuries.12–16 For example, 
jump-landing mechanics have been related to one’s risk of suffering ACL injury and 
patellofemoral pain.14,15 However, it is unclear if the same principles can be applied to 
head injuries. Conversely, there is some evidence that directly addresses the effect of 
visual performance on head impact biomechanics.10 Unfortunately, there is a lack of 
conclusive evidence examining the aforementioned variables in a high school population. 
By understanding how movement quality and visual performance are associated with 
head impact biomechanics, we could develop strategies to mitigate the magnitude of the 
impacts adolescent athletes will incur while participating in popular collision sports, such 
as football.  
 There is an abundance of research describing the implications that poor 
movement patterns can have on risk of lower extremity injury.13–16,34 For instance, 
movement quality measured by the LESS has proven to reliably identify biomechanical 
risk factors for anterior cruciate ligament (ACL) injuries.15 These findings suggest that 
neuromuscular control of the lower extremity can impact many aspects 
Neuromuscular control is crucial for preventing injuries at all levels of the body.  
In a study conducted at the University of North Carolina at Chapel Hill, Schmidt et al. 
measured strength, size and stiffness of cervical musculature in high school football 
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athletes. They concluded that players with greater cervical muscle stiffness, assessed 
using an experimental machine that delivered perturbations to the head and neck, had 
decreased odds for sustaining high magnitude head impacts than players with lesser 
cervical stiffness. Interestingly, greater cervical muscular strength and size did not 
decrease the odds for experiencing higher magnitude impacts.11 This highlights the 
importance of neuromuscular control of neck musculature to mitigate head impact 
magnitudes in high school football players.11 Further, it underscores the importance of 
demonstrating adequate proximal control to stabilize distal structures.  
Effects of SRC and Subconcussive Impacts and Movement Quality 
The body of literature pertaining to the effect of SRC on movement quality is 
continuously evolving to show that SRC may have subtle implications, such as cortical 
excitability deficits, that had been previously overlooked. Multiple studies have asserted 
that deficits in excitability of the motor cortex resulting from sustaining a concussion 
remain present for several days after the athlete becomes asymptomatic. 35,5 Livingston et 
al. placed transcranial magnetic stimulation over the motor cortex of nine collegiate 
athletes that were diagnosed with concussions and observed motor evoked potentials in 
the contralateral upper extremity. Concussed athletes had decreased cortical excitability 
that persisted throughout the 10-day period it was measured following the participants’ 
initial injuries.35 Additionally, neuromuscular deficits did not seem to follow the same 
recovery pattern of  neuropsychological impairments.  
Similarly, Powers et al. described athletes that recently sustained SRC (within 4 
weeks) demonstrated diffuse cortical hypoexcitability, which they associated with a 
hindered ability to voluntarily maximally contract their first dorsal interossei muscle.5 
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Assuming this result applies to any of the skeletal muscles, the lack of ability to produce 
a maximal voluntary contraction could increase an athlete’s risk of sustaining an array of 
musculoskeletal injuries. Although both studies are limited by their sample sizes, the 
information they gathered provided some insight into why many athletes sustain 
musculoskeletal injuries following return to competition from SRC. Researchers have 
supported this knowledge by showing that these lingering neurological deficits can 
increase an athlete’s risk of sustaining a lower extremity injury for up to one full year 
following their concussion. 24,22,23,36  
 Sustaining numerous head impacts that are subconcussive may also have lingering 
effects on neuromuscular control. A subconcussive impact is defined as “a cranial impact 
that does not result in a known or diagnosed concussion on clinical examination.”37 
Isolated incidences of subconcussive impacts have not yet shown to have any short-term 
impairing effects.38 Conversely, Bailes et al. described that an accumulation of repetitive 
head impacts considered to be subconcussive may have lasting negative neurocognitive 
and physiological effects on the brain in a subset of individuals.37 Recent literature has 
identified a gap in current knowledge about if a cumulative dose effect exists with regard 
to repeated head impacts. Moreover, if this effect does exist subconcussive impacts 
influence on movement patterns is an avenue that would merit further investigation. 
 In their systematic review, Bailes37 and colleagues noted that football linemen are 
especially susceptible to a high frequency of head impacts due to the nature of their 
position. Many linemen are subject to head impacts during almost every play in which 
they participate.37 During a single high school football season, linemen are exposed to an 
average of 1000 head impacts.4 If an accumulation of head impacts is found to be 
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clinically impairing, this population could be at an increased risk for sustaining a host of 
lower extremity injuries.  This potential link between head impacts and potential negative 
effects on injury risk via potential movement dysfunction further illustrates the need to 
understand the role movement dysfunction may realistically play in athletes sustaining 
high magnitude head impacts. 
Effects of Visual Performance on Head Impact Biomechanics 
 Visual performance may also significantly contribute to head impact 
biomechanics. Head impact risk can be modified by an individual’s ability to observe 
visual stimuli warning them about an impending head impact and react in a way that can 
mitigate the impact, or potentially allow them to avoid it completely. For example, in a 
study of youth ice hockey players, those that more aptly anticipated an impeding collision 
experienced decreased linear acceleration of their heads following impact.30 This is 
thought to occur because if an athlete is able to see the impact coming, they will prepare 
and brace for the impact by contracting their cervical musculature in order to protect their 
heads thus decreasing head motion; whereas, if a player is unable to anticipate the impact 
they will not have the opportunity to brace themselves.30 Therefore, the ability to see an 
incoming impact is critical for reducing head motion after receiving an impact. 
In a study of Division I collegiate football players, Harpham et al. described a 
strong association between head impact biomechanics and level of performance on the 
following metrics of the Nike SPARQ Sensory Station: Perception Span, Target Capture, 
Go/No Go. These findings indicate that manner in which the brain receives sensory 
information from the eyes, integrates that information with input from the somatosensory 
and vestibular systems and produces an appropriate motor response, can ultimately 
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influence the way an individual is able to reduce their risk for sustaining high magnitude 
head impacts.10  
Conversely, a study of high school football athletes that utilized the same system 
found no association between visual performance and any risk of sustaining high 
magnitude head impacts using the following tests as metrics: Visual Clarity, Contrast 
Sensitivity, Depth Perception, Near–Far Quickness, Target Capture, Perception Span, 
Eye–Hand Coordination, Go/No Go, and Reaction Time.39 This study used a median split 
to separate low and high performers of visual performance. Therefore, differences in risk 
for high magnitude impacts could be observed by using continuous measures to further 
evaluate visual performance. Evidence suggests visual performance and reducing the risk 
for severe impacts does not extend across different age levels, but this relationship needs 
to be further assessed. 
Impacts of SRC, and Subconcussive Impacts on Visual Performance 
Visual performance is impaired following SRC.25,40 It is not uncommon for 
athletes that experience vestibulo-ocular symptoms to remain symptomatic for longer 
durations of time and potentially develop post-concussion syndrome.41 Therefore, it is 
important to identify which specific areas of the brain are affected when an athlete 
sustains a concussion.  
The visual system is extremely complex and therefore, many different aspects of 
it can be affected by SRC. A year-long cross sectional study by Master et al.40 examined 
the prevalence of vision deficit diagnoses in 100 adolescents, aged 11-17, following a 
concussion. In their sample, 69% was diagnosed with at least one of the following 
categories of conditions: accommodative disorders, convergence insufficiency, and 
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saccadic dysfunction. Additionally, almost half of the sample was diagnosed with 
concurrent visual disorders.40 The prevalence of visual disorders following SRC may be 
attributed to the volume of brain tissue devoted to integrating visual information. 
Oculomotor functioning is supported by the occipital lobe, brainstem, frontal lobe, 
parietal lobe, and cerebellum, which could explain the mechanism of this system being 
particularly vulnerable to a diffuse brain injury such as SRC.42  
Similarly, repetitive subconcussive impacts can have negative consequences on 
visual performance. An imaging study that compared functional magnetic resonance 
images of high school football players at different points during their season showed 
structural differences in brain tissue across the entire sample, regardless of whether they 
ever sustained SRC. Images taken at the beginning of preseason, during the competitive 
season, and post-season showed that the athletes that were never diagnosed with a 
concussion exhibited functional changes in their visual processing systems in the upper 
parietal and occipital lobes, while the athletes that were diagnosed with concussions 
exhibited changes in verbal working memory. This finding suggests that although athletes 
that accumulate head impacts and may never feel any impairing symptoms, they may still 
be, at least temporarily, damaging structures in areas of the brain related to their visual 
systems.37,43  
Although some evidence suggests that there is a relationship between an athlete’s 
head impact profile and their neurocognitive performance, specifically relating to visual 
performance, we are still unable to construct a profile of which athletes are more 
susceptible to this damage. Additionally, the lack of evidence surrounding this area is 
particularly apparent in youth populations that participate in collision sports, including 
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football.  As with movement dysfunction, an empirical understanding of the relationship 
between vision performance and sustaining severe head impacts may serve to influence 
the injury cycle and prevention severe head impacts and potentially concussive injuries. 
Influence of Lower Extremity Movement Quality and Visual Performance on Head 
Impact Biomechanics  
It is undeniable that head impacts are a part of football. While attempts have been 
made to reduce the number and severity of impacts, through rule changes, advancing 
helmet technologies, and improving safe playing techniques, the fact remains that 
football athletes will continue to sustain head impacts and SRC.44,45 By understanding 
factors that can play a role in mitigating the magnitude of head impacts, clinicians will be 
more apt in recognizing which of their individual athletes are at heightened risk for 
sustaining severe head impacts and receiving a concussion.  
By understanding the effect of movement quality on head impact magnitude, 
clinicians may be able to recognize which of their athletes are at increased risk for 
sustaining high magnitude head impacts and potentially concussions. If the relationship 
between movement quality and risk for sustaining high magnitude head impacts can be 
established, it would be worthwhile to consider implementing preparatory exercise 
programs during the off-season, to protect athletes during their regular football season.   
Similarly, gathering information about the visual performance of athletes can 
provide insight as to which athletes are more at risk for sustaining high magnitude head 
impacts and potentially concussion. Current research has suggested that athletes with 
poor visual performance are at an increased risk for sustaining severe head impacts 
because of their inability to either recognize vital stimuli, or generate an appropriate 
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motor response rapidly enough to avoid an impending impact.10 In addition to movement 
quality, visual performance is trainable. Identifying intrinsic risk factors for sustaining 
head impacts is a crucial step in determining actions clinicians and athletes can take in 
reducing an individual’s risk of head injury in high school Football.  
Methodological Considerations for the Current Study 
Lower Extremity Movement Quality Assessments 
 As the body of research describing relationships between poor movement patterns 
and increased risk of sustaining musculoskeletal injury has continued to grow, multiple 
tools have been developed to identify individuals that display risky movement behaviors. 
Some clinical tools commonly used to evaluate movement include the Star Excursion 
Balance Test (SEBT), Functional Movement Screen (FMS), and the Landing Error 
Scoring System (LESS).   
  The SEBT provides an objective measure of a dynamic balancing task. To 
complete the SEBT, a person completes a single leg squat, while moving the opposite leg 
in anterior, posterior, lateral, and medial directions. It has been shown to be a reliable tool 
in assessing dynamic balance, is inexpensive, and easy to use making the SEBT a 
practical clinical tool. A 2006 study showed this assessment to be useful in generally 
identifying which athletes are at risk for developing lower extremity injuries in a 
population of youth basketball players.16 This study demonstrated the importance of 
dynamic balance for injury prevention. A similar tool, the FMS, is frequently used to 
assess movement quality through a series of simple balance and mobility exercises. The 
FMS is designed to identify athletes without sufficient mobility, which predisposes them 
to injury. However, these assessments are relatively lengthy and would make screening 
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an entire football team rather difficult. Additionally, due to the violence of collision 
sports such as football examining dynamic balance may not be sufficient in determining 
an individuals’ injury risk.  
Assessing the quality of a jump-landing task using the LESS has proven to be a 
valid and reliable means to measure lower extremity movement quality and to identify 
individuals with a heightened risk for ACL injury.15,34 The LESS test is performed by 
having participants stand on a 30cm box, jump off to a predetermined distance equal to 
half the participant’s height away from the box, then maximally jump vertically, and land 
in place. In a study utilizing over 800 elite youth soccer athletes, Padua et al. determined 
that individuals with LESS total error scores greater than 5 were at an increased risk for 
ACL injury. This study identified the errors that were most linked to ACL injury such as 
trunk-flexion displacement, hip-flexion displacement, knee joint displacement, trunk 
flexion at initial contact, foot position (external rotation), and knee-flexion 
displacement.15  
 In addition to being somewhat predictive of ACL injury, the LESS may also 
indicate patterns of movement that are associated with patellofemoral pain (PFP). 
Analysis of a military cohort showed consistent movement patterns associated with PFP 
being: decreased knee flexion angle, and increased hip internal rotation angle during the 
jump-landing task.14 These landing positions that correlated with lower extremity injury, 
specifically regarding the knee, were consistently demonstrated in people with poor 
motor control of the core and hips. Research utilizing the LESS has not been conducted 
to demonstrate its potential for use regarding head impact biomechanics. However, its 
utility in identifying athletes with poor motor control while completing a powerful task 
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may prove helpful in gauging which athletes will have difficulty avoiding, or bracing for 
impending collisions.    
Visual Performance Metrics 
 There is a limited body of research supporting the use of visual performance 
metrics to predict head impact biomechanics in football players.10 Much of the current 
research in this field has been conducted using the Nike SPARQ Sensory Station. In 
addition to being able to evaluate the anatomical limits of the visual system, this 
technology was developed to test the neurocognitive, or function components of the 
visual system as well.  
Evaluation of the Nike SPARQ Sensory Station has described the assessments as 
repeatable and has displayed the expected learning effect.46 In a reliability study, Erikson 
et al. showed no change in participant performance over three and ten-day test-retest 
period in the following assessments: Visual Clarity, Contrast Sensitivity, Depth 
Perception, Target Capture, Perception Span, and Reaction Time. However, they did note 
participant improvement in Near-Far Quickness, Eye-Hand Coordination, and Go/No Go, 
which was expected by the researchers due to the motor response characteristics being 
measured.46 
Use of the Nike SPARQ Sensory Station to determine relationships between an 
athlete’s visual performance and their head impact biomechanics has yielded mixed 
results. In their study, Harpham et al. described some benefit to utilizing this system in 
collegiate football athletes. They showed that participants with better performance on the 
following assessments were able to mitigate the severity of the linear acceleration of their 
head impacts: Depth Perception, Target Capture, Reaction Time, Go/No Go, and 
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Near/Far Quickness were able to mitigate their head impact severity.10 Whereas Schmidt 
et al. performed a similar study in adolescent football players and reported that their 
participants with better scores relating to ability to shift their attention between near/far 
stimuli more quickly actually sustained more severe head impact biomechanics than their 
peers.33  
A new derivative of the Nike SPARQ Sensory Station now exists, called the 
Senaptec Sensory Station. The principles of Senaptec Sensory Station, as well as its 
foundation in research, remain similar the Nike SPARQ sensory station. Senaptec LLC 
has redesigned this product and updated some of the evaluations it can perform. Multiple 
Object Tracking is an assessment that is unique to the Senaptec Sensory Station. This 
metric assesses a person’s ability to track multiple objects, moving at varying speeds at 
one time. This skill is transferable to collision sports, including football, because often 
the player with possession of the ball is being targeted by multiple other players at one 
time and must keep track of all of them to avoid being hit.   
While the Senaptec Sensory Station provides an array of useful information, it 
may not be accessible to some athletic trainers working in high schools where they lack 
support to purchase tablets, or that are in areas of lower socioeconomic status. Therefore, 
it is important to explore the effectiveness of alternative tests that are simple to 
administer and are relatively low-cost. The Vestibular/Ocular Motor Screen (VOMS) 
assessment has been used in research and practice to identify athletes with concussions, 
and to help rehabilitate athletes returning from concussions.47,48,49 When using VOMS to 
conduct concussion screenings, it includes symptom scores of the following components: 
baseline symptoms, smooth pursuit, horizontal and vertical saccades, near point 
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convergence, tests of horizontal and vertical vestibule-ocular reflexes and visual motion 
sensitivity. One specific aspect of the VOMS that is very simple to administer is NPC. 
Kontos et al. describes visual deficits in athletes after they have sustained concussion.48 
As such, one area of vision that may be particularly related to concussion risk is NPC, or 
the ability to maintain binocular fusion, as objects approach the face. 
Head Impact Sensor Technologies 
There are many different types and brands of head impact sensors that are used in 
research related to measure the linear and rotational head accelerations athletes 
experience during competition. Researchers examining helmet-based sports tend to prefer 
using helmet-mounted accelerometers. On the other hand, in sports including soccer, 
where athletes are un-helmeted, researchers have developed other means of securing 
accelerometers to the heads of their participants. For example, X2Biosystems, Inc. 
engineered the xPatch Gen2, which is adhered to the skin over the mastoid process. 
Additionally, Reebok made an elastic band that houses accelerometers within it. These 
types of sensors are subject to error due to the motion of skin and soft tissue superficial to 
the skull.50  
When utilized properly, accelerometers inserted into mouth guards have shown to 
be more accurate than both the XPatch Gen2 and Reebok’s skull cap because mouth 
guards eliminate excessive motion of the devices which result in measurement error.50 A 
controlled laboratory study comparing these three sensor types found that accelerometers 
built into mouth guards can be more accurate in measuring linear acceleration of the head 
following a mild impact (with a soccer ball) when compared to sensors located deep 
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within the ear canal.50 However, these sensors are still subject to error due to mandibular 
motion and have yet to be validated in high collision type activities, such as football.  
In football, the Head Impact Telemetry System (HITS) is the most commonly 
used head impact sensor technology used to collect the frequency, magnitude and 
location of head impacts football players experience during competition.51 The greatest 
limitation of using helmet-mounted accelerometers is ensuring that the accelerometers 
collect head acceleration, and not the helmet acceleration. The sensors lie tangential to 
the head; however, data may be skewed if proper helmet fit is not established.52 
Fortunately, researchers are generally able to provide high-quality helmets and assist their 
teams with helmet fitting to ensure the data are reliable. Another positive aspect of using 
helmet-mounted accelerometers in collision sports, including football, is they can be 
installed and activated without interfering with the daily operations of the football team. 
The convenience significantly increases participant compliance. For these reasons, the 
HITS accelerometers were ideal for the purposes of this study.      
Rational for the Study 
It is undeniable that head impacts are a part of football. While attempts have been 
made to reduce the number and severity of impacts through rule changes, advancing 
helmet technologies, etc., the fact remains that football athletes will continue to sustain 
head impacts and concussions. Identifying factors that can play a role in frequency and 
magnitude of head impacts, will assist clinicians in aptly recognizing which of their 




By understanding the effect of movement quality on head impacts, clinicians may 
be able to recognize which of their athletes are at an increased risk for not only sustaining 
lower extremity injuries, but also potentially concussions or high magnitude head 
impacts. If the effects of sustaining impacts are profound and relationships between 
movement quality and an increased risk for head impacts can be established, it may be a 
worthwhile endeavor to consider implementing an injury preventative exercise program 
to help protect the athletes in preparation for their next upcoming season.  
Additionally, gathering information about the visual performance of athletes 
provides insight as to which athletes are at a heightened risk for sustaining concussive 
injuries from this standpoint. Current research has suggested that athletes with poor 
visual performance are at an increased risk for sustaining traumatic brain injuries because 
of their inability to either recognize vital stimuli, or generate an appropriate motor 
response rapidly enough to avoid, or anticipate an impending impact.10 Establishing 
relationships between head impacts and their potential risk factors is a crucial step in 
effectively determining actions clinicians and athletes can take in reducing the risk of 
concussive injuries in sport. 
American football is a sport played by over 30 million high school students every 
year, making it one of the most popular youth sports in America.1 Considering the 
popularity of football, particularly in a youth population, it is not surprising that this is a 
population that generates an extremely high number of head impact exposures each year. 
This study is designed to assist in illustrating the effect of an individual’s movement 
quality and visual aptitude on the number and force of head impacts they receive over the 





CHAPTER III – METHODS 
Participants 
This was a prospective observational cohort study of high school football players. 
We recruited varsity football athletes from a local high school to participate in this study. 
Our participants were all males; whose ages ranged from 14-19 years old. All participants 
signed statements of informed consent; and minors were required to have parental 
consent and provide assent prior to participation in this study.  
To be included in this study, participants were required to be healthy varsity 
football athletes (aims 1 and 2), fitted with either a Riddell Revolution, Speed or Flex 
helmet (aim 1 only), and equipped with HITS accelerometers (aim 1 only). Participants 
were excluded if they had an unresolved injury making them unable to complete 
preseason LESS or visual performance testing. Additionally, participants were excluded 
if they sustained a significant lower or upper extremity injury during the 2017 season, 
such that they missed greater than 4 weeks of playing time. Further, any participants that 
had a history of permanent vision loss or was currently symptomatic from an eye injury 
that potentially could have negatively affected scores on visual performance tasks were 
not included in this study. If participants consistently used corrective lenses, they were 




Demographic and Medical History Survey 
The demographic and history survey included questions concerning self-reported 
height, weight, age, and relevant medical history questions. The questionnaire was 
administered via a paper survey completed by participants during the pre-season 
assessment session. 
Landing Error Scoring System  
 The LESS is a valid and reliable measure of movement quality during a jump-
landing task.34 An Xbox Kinect camera (frontal view only; Microsoft Kinect sensor 
version 1; Microsoft Corporation; Redmond, WA) collected jump landing kinematics 
from participants performing the LESS. The camera was placed 12 feet from the front of 
the box where participants jumped. Physimax Athletic Movement Assessment software 
(PhysiMax Technologies Ltd.; Tel Aviv, Israel) used the kinematic data from the kinetic 
camera and scored the LESS without the use of wires or reflective markers.53 The 
seventeen items relating to human movement that can be observed and graded using the 
LESS are listed in Table 1. The LESS total-error score indicates the number of movement 
errors a participant commits during the jump-landing task. As the number of errors 
increases, the LESS score increases. Thus, high LESS scores are indicative of poor 




Table 1. Landing Error Scoring System Error Descriptions 
Potential Error  Description View # of 
Errors 





Feet are moderately externally rotated, 




one-foot lands before the other, or one-





Small amount of knee valgus (+1) or 
large amount of knee valgus (+2) 
Front +1-2 
Amount of lateral 
trunk flexion 
Leaning right or left so the trunk is not 
vertical 
Front +1 
Initial landing of 
feet 




Small amount (+2) or average amount 





Small amount (+2) or average amount 




Large displacement of trunk and knees 
(0); average amount of trunk and knee 
displacement (+1); small amount of 
trunk and knee displacement (+2) 
Side 0-2 
Overall impression  Soft landing and no frontal-plane 
motion at knee (0); Stiff landing and 
/or large frontal-plane motion at knee 
(+2); all other landings (+1) 
N/A 0-2 
 
Visual Performance Metrics  
A NPC screening was used to assess visual convergence by evaluating the ability 
to maintain binocular fusion, as objects approach the face.48 The testing utilized a tape 
measure and a plain wooden tongue depressor. A single black ‘E’ (Times New Roman, 
14 pt font) was printed and taped to a tongue depressor.  
The Senaptec Sensory Station evaluated multiple measures of visual performance. 
The large system consists of a single computer controlling 2 high-resolution liquid crystal 
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display monitors (both 0.28 mm dot pitch): one 22-inch diagonal display and one 42-inch 
diagonal touch-sensitive display. To align this project with what is practical and available 
technologically to use in a high school setting, we utilized only the 22-inch diagonal 
display. Additionally, a Motorola Moto G3 smartphone (Motorola Mobility, LLC, 
Schaumburg, IL) acted as a remote input device and communicated answers with the 
tablet.   
The Visual Clarity, Contrast Sensitivity, and Depth Perception tablet tests 
evaluated the structural components of visual performance. Near/Far Quickness, 
Perception Span, Multiple Object Tracking, and Reaction Time assessed the functional 
aspects of vision. Descriptions of each test are provided in Table 2. The Perception Span, 
Multiple Object Tracking, and Reaction Time tests did not require the remote input 




Table 2. Senaptec Sensory Station Evaluation Test Descriptions 
Test Description Participant Set-Up Procedures 
Visual 
Clarity 
How clearly athletes see 
distant details. 
Participant stands 10ft 
away from Senaptec 
tablet, holding Senaptec 
remote input device, and 
vision occluder. 
Black Landolt rings (C-shaped ring) with gaps at the 
top, bottom, left, and right appeared in random order 
on a white background. The participant is instructed to 
swipe the screen of the remote input device in the 
direction of the opening of the Landolt ring. The rings 
are preset at varying acuity demands. The procedures 
include monocular assessments followed by a 
binocular assessment.  
Contrast 
Sensitivity 
Ability to pinpoint subtle 
differences in contrast. 
Participant stands 10ft 
away from tablet, 
holding remote input 
device. 
Four black circles are presented on a light background. 
At random, one of the circles will contain a pattern of 
rings. The participant is instructed to swipe the screen 




Accuracy in judging 2-
eyed depth information 
through multiple gaze 
positions. 
Participant stands 10ft 
away from tablet facing 
tablet, wearing 3D 
glasses and holding 
remote input device.  
The 3D glasses simulate depth in one of the four rings 
that appear on the screen. The participant is instructed 
to swipe the screen of the remote input device in the 
direction of the ring that appears closest. Test 
procedures are repeated standing to the side looking 
over both left and right shoulders. 
Near-Far 
Quickness 
Ability to quickly & 
accurately change visual 
attention between near 
and far distances. 
Participant stands 10ft 
away from tablet, 
holding remote input 
device. 
A series of black Landolt rings appear, alternating 
between the remote input device screen and the screen 
on the tablet display. The participant is instructed to 
swipe the screen of the remote input device in the 
direction of the opening of the Landolt ring 
Perception 
Span 
Speed and accuracy in 
obtaining critical visual 
information. 
Participant stands 2ft 
away from tablet. 
The participant focuses on a dot in the center of a grid 
pattern composed of up to 30 circles. A pattern of dots 
flash within the grid. The participant then attempts to 





Accuracy in tracking 
multiple objects moving 
at varying speeds. 
Participant stands 2ft 
away from tablet. 
The participant focuses on a central point of the screen. 
2 to 5 sets of circles appear on the tablet screen. One 
dot of each pair briefly flashes red. The dots then 
rotate around each other at varying speeds. Once the 
dots are immobile, the participant is instructed to select 





Duration of time it takes 
an individual to 
accurately respond to a 
visual stimulus with their 
hand. 
Participant stands 2ft 
away from tablet. 
Two annular patterns appear on the screen. The 
participant places their index fingers on the inner circle 
of each pattern, and focuses on the center of the 
annular pattern in front of them. After a random delay 
of 2, 3, or 4s, one or both patterns turn red, prompting 
the athlete to remove the required index finger(s) as 
quickly as possible. 
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Head Impact Telemetry System (HITS) 
 The HITS consists of six spring-mounted accelerometers strategically placed 
within a U-shaped encoder, the RedZone Software, and the Riddell Sideline Response 
System. The encoder inserts directly into the crown of Riddell brand football helmets 
(Revolution, Speed, and Flex) and continuously samples head impact accelerations until 
one of the accelerometers measures a linear acceleration exceeding 14.4g. This triggers 
data collection at 1 kHz for a period of 40 ms. During this period, 8 ms are recorded 
before the data collection trigger and 32 ms of data are collected after the trigger. The 
resultant linear acceleration is transmitted to the Redzone software and sideline response 
system wirelessly, via radio frequency signal.  
Proprietary algorithms calculate the peak linear and rotational acceleration of the 
head, head impact location in degrees of azimuth, elevation and a categorical description, 
and impact severity in terms of the Head Impact Telemetry severity profile (HITsp), 
Head Injury Criterion (HIC), and Gadd Severity Index (GSI).54 The HITS is a valid and 
reliable tool used to measure head impact biomechanics that did not interfere with the 
daily activities of our participants.52 Average peak linear and rotational accelerations of 
head impacts were analyzed for this study.  
Procedures 
Prior to the first regular season game, consenting participants completed the 
testing protocols for the LESS, NPC, and the Senaptec Sensory Station tablet tests. Due 
to the unlikelihood of our metrics interfering with each other, LESS and Senaptec testing 
were not conducted in any specific order. For this reason, and the low-intensity nature of 
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our procedures, participants were not required to perform any warm-up protocol prior to 
testing.34   
Landing Error Scoring System 
Per standard LESS protocol, participants stood on a 30cm box, jumped off to 
distance 50% of their own height away from box, maximally jumped vertically, and 
landed in place. They were given as many practice trials as needed to perform the task 
successfully. Participants performed a successful jump when both feet left the box at the 
same time, they jumped forward but not vertically, and they landed in the desired spot on 
the ground, which was immediately followed by a second jump. Additionally, a 
successful trial required the jump be completed in a fluid motion 34. Participants 
completed three successful trials. Errors were counted towards the participants’ total error 
scores if they were committed on at least 2/3 trials.  
We set the Xbox Kinect Camera to a height of 76.2 cm and placed it 3 m away 
from the box. We asked participants to stand in front of the box, then side step to allow 
the software to acquire their physical profile. For instances where the Kinect system was 
unable to acquire an accurate representation of the participants, the trial was simply 
repeated. At the start of each trial, we entered basic demographic information about the 
participant (e.g. study id, height, weight).  
Visual Performance Metrics 
The primary investigator or a trained research assistant administered the visual 
performance metrics including NPC and the Senaptec Sensory Station tablet tests to 
participants in an environment free from distractions. Near Point Convergence was 
assessed per the protocol described by Kontos et al.48 Three trials were completed and 
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averaged for a single NPC score.  For a complete list of Senaptec Sensory Station test 
descriptions, see Table 2. For each test utilizing Senaptec, participants received verbal 
instructions prior to the beginning of each test and performed a practice test, where no 
scores were recorded. Participants received no additional help after each test began.  
Head Impact Telemetry System  
The research team instrumented all eligible helmets with HITS accelerometers. A 
certified athletic trainer, trained in using the HITS, monitored the head impact 
biomechanics data collection and recorded game start and stop times for each quarter. 
Data collected outside of the game start and stop times were disregarded. The certified 
athletic trainer set up the sideline Response System on the sideline of the field for all 
practices and games throughout the data collection period 
Data Reduction 
 We categorized LESS total error scores into two groups. Good movers committed 
0-4 errors and poor movers committed 5 or more errors. Visual performance metrics 
including NPC and Senaptec Sensory Station assessments were measured on individual, 
continuous scales. The three trials of NPC were averaged together for a single NPC score. 
Statistical Analyses  
We conducted all statistical analyses via SAS (Version 9.4, SAS Institute Inc., 
Cary, North Carolina) with an a priori alpha level of 0.05.  Descriptive statistics were 
computed for all explanatory variables and outcomes of interest. Assessment of data 
distribution and normality were completed prior to additional statistical analysis. 
 For RQ 1, head impacts were the unit of analysis. Separate random intercept 
general linear mixed models evaluated differences between movement quality group 
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(poor vs good movers) on their average peak linear and rotational accelerations of head 
impacts over a single playing season (RQ Ia). We also used separate random intercept 
general linear mixed models to predict the average linear and rotational head 
accelerations of players from their preseason visual performance as a continuous variable 
(RQ Ib). We used the natural logarithmic transformations of the linear and rotational 
accelerations to ensure normal distribution, because our head impact data were skewed 
due to a high frequency of low magnitude impacts.8,10 In addition, 95th percentile values 
(peak linear and rotational acceleration) for LESS score categories and visual 
performance categories were computed. Head impacts that did not reach a threshold of 
10g of linear acceleration were not included in the statistical analyses because they are 
considered inconsequential regarding head impact biomechanics.  
For RQ 2, we utilized logistic regressions (with Odds Ratios and associated 95% 
Confidence Intervals) to examine relationships between visual performance metrics and 







CHAPTER IV – MANUSCRIPT 
Introduction 
In the last three decades, over 35 million adolescent males participated in high 
school American football, making it one of the most popular high school sports in recent 
history (1). The high-contact nature of American football creates an environment that 
perpetuates high injury risks for football players. Sport-related concussions (SRC) 
account for an estimated 17% of all injuries sustained by high school football players (2). 
Concussions are associated with excessive linear and rotational head accelerations that 
come from both direct and indirect head impacts (3). A unique aspect to American 
football exposes some players to potentially sustaining a head impact in nearly every play 
of a game. Throughout the season, football linemen can accumulate up to 1600 head 
impacts (4). Although each individual head impact may not be enough to cause SRC, the 
accumulation of these repetitive head impacts may have negative effects on the structural 
integrity and functions of the brain, even when there are no clinically recognizable 
symptoms of injury (5).  
The risk of sustaining severe head impacts and concussions is multifactorial and 
includes many extrinsic and intrinsic factors (6). Extrinsic risk factors for injury, such as 
play type, closing distance, and session type have been more extensively researched (7,8). 
Intrinsic risk factors are studied less. Two intrinsic factors that may be independently 
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related to the risk of sustaining head impacts and SRC are lower extremity movement 
patterns and visual performance (9,10).  
Lower extremity movement quality may impact a player’s ability to effectively 
avoid an impending collision. There is an abundance of literature associating poor lower 
extremity movement quality and efficiency with musculoskeletal injury risk (11–15). 
These risks are largely attributed to extreme joint angles, as well as a general lack of 
movement efficiency. The Landing Error Scoring System (LESS) is a dynamic 
assessment of movement quality that has shown to be valid and reliable in predicting risk 
of sustaining an array of lower extremity injuries (16).  
Movement patterns that compromise speed and agility may hinder an athlete’s 
ability to effectively avoid or brace for a potentially harmful situation (17). Further, 
adequate neuromuscular stability of an athlete’s proximal segments directly impact their 
ability control their distal segments (18). This link may possibly be extended to 
concussion risk; the body needs to be in an optimal position and to move in a coordinated 
fashion to protect from head impacts. However, there is a lack of current evidence 
evaluating the relationship between lower extremity movement quality and increased risk 
of sustaining severe head impacts that may place athletes at risk for concussive injury. 
Ford et al. examined potential relationships between movement quality screenings and 
head impact biomechanics. Their results did not support their hypothesis that lower 
extremity movement patterns can be a surrogate for assessing individual risk for 
sustaining severe head impacts (19). However, the idea that movement quality can impact 
an athlete’s ability to remove their head from a situation that could cause a severe head 
impact is logical and merits further investigation, especially in high school athletes (20). 
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Recent studies also suggest that visual performance may be associated with an 
athlete’s risk for sustaining severe head impacts and SRC (9). In addition, athletes may 
have greater visual abilities than the general population and there is currently limited 
research to support this hypothesis (21). Kontos et al. describes visual deficits in athletes 
after they have sustained concussion (22). As such, one area of vision that may be 
particularly related to concussion risk is near-point convergence (NPC), or the ability to 
maintain binocular fusion as objects approach the face. Furthermore, athletes that are less 
capable of receiving, processing, and responding to visual information may exhibit 
diminished ability to anticipate impending collision (9). The visual system is comprised 
of two main components: the physical structure and anatomical variations of the eye 
(structural) as well as the brain’s integration and interpretation of the visual information 
(functional) relayed by the sensory organs (23). Both the structural and functional 
components may play a role in the ability to avoid severe head impacts. 
Given the potential for both lower extremity movement quality and visual 
performance to influence the way football players experience head impacts, preseason 
metrics in these areas may assist clinicians in identifying athletes with increased severe 
head impact risk. Therefore, the purpose of this study was to determine if preseason 
lower extremity movement quality and visual performance are predictive of head impact 
magnitudes for high school football players over the course of one playing season. We 
hypothesized that better movement quality, as assessed by the LESS, and better visual 
performance metrics including NPC and the Senaptec Sensory Station tablet test outputs 
will be predictive of lower peak linear accelerations (PLA) and lower peak rotational 




Design and Participants 
This was a prospective cohort observational study of high school football players. 
Institutional Review Board approval was obtained prior to initiation of study activities.  
We recruited varsity football athletes from a local high school to participate in this study. 
Written parental consent and adolescent assent was obtained for all minor participants 
and written consent was obtained for adult-aged participants. Our participants were all 
males; whose ages ranged from 14-19 years old (mean age= 15.89 ± 1.23 years).  
To be included in this study, participants were required to be healthy, varsity 
football athletes, be fitted with either a Riddell Revolution, Speed or Flex helmet, and be 
equipped with Head Impact Telemetry System (HITS) accelerometers. Participants were 
excluded if: they had an unresolved injury making them unable to complete preseason 
LESS testing, they had a history of permanent vision loss, or they were currently 
symptomatic from an eye injury. Additionally, participants were excluded if they 
sustained a significant lower or upper extremity injury during the 2017 season, causing 
them to miss greater than four weeks of playing time. 
Instrumentation 
Demographic and Medical History Survey 
 
 A demographic and history survey included questions concerning self-reported 
height and weight, age, and relevant medical history questions. The questionnaire was 
administered via a paper survey completed by participants during the pre-season 
assessment session.  
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Landing Error Scoring System  
 The LESS is a valid and reliable measure of movement quality during a jump-
landing task (16). An Xbox Kinect depth camera (frontal view only; Microsoft Kinect 
sensor version 1; Microsoft Corporation; Redmond, WA) collected jump landing 
kinematics from participants performing the LESS. The camera was placed 3 m from the 
front of the box from which the participants jumped. PhysiMax Athletic Movement 
Assessment software (PhysiMax Technologies Ltd.; Tel Aviv, Israel) used the kinematic 
data from the Kinect camera and scored the LESS without the use of wires or reflective 
markers (24). There are seventeen items related to human movement that are observed 
and graded by using the LESS (Table 1). The LESS total-error score indicated the 
number of movement errors a participant committed during the jump-landing task. As the 
number of errors increased, the LESS score increased. Thus, high LESS scores were 
indicative of poor movement quality.  
Visual Performance Metrics  
A NPC screening (22) was used to assess NPC by evaluating the ability to 
maintain binocular fusion, as objects approach the face. The testing utilized a tape 
measure and a plain wooden tongue depressor. A single black ‘E’ (Times New Roman, 
14 pt font) was printed and taped to the tongue depressor.  
The Senaptec Sensory Station tablet evaluated multiple measures of visual 
performance. The system consists of a high-resolution tablet with a liquid crystal display 
(0.28 mm dot pitch). Additionally, a Motorola Moto G3 smartphone (Motorola Mobility, 
LLC, Schaumburg, IL) acted as a remote input device and communicated answers with 
the tablet via Bluetooth.   
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The Visual Clarity, Contrast Sensitivity, and Depth Perception tablet tests 
evaluated the structural components of visual performance. Near/Far Quickness, 
Perception Span, Multiple Object Tracking, and Reaction Time assessed the functional 
aspects of vision. Descriptions of each test are provided in Table 2. The Perception Span, 
Multiple Object Tracking, and Reaction Time tests did not require the remote input 
device and were completed using only the tablet.  
Head Impact Telemetry System 
 The HITS consisted of six spring-mounted accelerometers strategically placed 
within a U-shaped encoder, the RedZone Software, and the Riddell Sideline Response 
System. The encoder inserted directly into the crown of Riddell brand football helmets 
(Revolution, Speed, and Flex) and continuously sampled head impact accelerations until 
one of the accelerometers measured a linear acceleration exceeding 14.4g. This triggered 
data collection at 1 kHz for a period of 40 ms. During this period, 8 ms were recorded 
before the data collection trigger and 32 ms of data were collected after the trigger. The 
linear acceleration data transmitted to the Redzone software and sideline response system 
wirelessly via radio frequency signal.  
Proprietary algorithms calculated the resultant peak linear and rotational 
acceleration of the head, head impact location in degrees of azimuth, elevation and a 
categorical description, and impact severity in terms of the Head Impact Telemetry 
severity profile (HITsp), Head Injury Criterion (HIC), and Gadd Severity Index (GSI) 
(25). The HITS is a valid and reliable tool used to measure head impact biomechanics, 
that did not interfere with the daily activities of our participants.(26) Peak linear and 




Prior to the first regular season game, consenting participants completed a study 
demographic and medical history survey followed by the testing protocols for the LESS, 
NPC, and the Senaptec Sensory Station tablet tests. Due to the low chance of our metrics 
interfering with each other, LESS and Senaptec testing were not conducted in any 
specific order. For this reason, and the low-intensity nature of our procedures, 
participants were not required to perform any warm-up protocol prior to testing (16).   
Landing Error Scoring System 
Per standard LESS protocol, participants stood on a 30cm box, jumped off to a 
distance equal to half of their own height from the box, maximally jumped vertically, and 
landed in place. They were given as many practice trials as needed to perform the task 
successfully. Participants performed a successful jump when both feet left the box at the 
same time, they jumped forward but not vertically, they landed in the desired spot on the 
ground, and they immediately initiated a second jump. Additionally, a successful trial 
required the jump be completed in a fluid motion (16). Participants completed three 
successful trials. Errors were counted towards the participants’ total error scores if they 
were committed on at least 2/3 trials.  
We set the Xbox Kinect Camera to a height of 76.2 cm and placed it 3 m away 
from the box. We asked participants to stand in front of the box, then side step to allow 
the software to acquire their physical profile. For instances where the Kinect system was 
unable to acquire an accurate representation of the participants, the trial was simply 
repeated. At the start of each trial, we entered basic demographic information about the 
participant (e.g. study id, height, weight).  
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Visual Performance Metrics 
The primary investigator or a trained research assistant administered the visual 
performance metrics including NPC and the Senaptec Sensory Station tablet tests to 
participants in an environment free from distractions. Near Point Convergence was 
assessed per the protocol described by Kontos et al (22). Three trials were completed and 
averaged for a single NPC score.  For a complete list of test descriptions, including NPC, 
see Table 2. For each test utilizing Senaptec, participants received verbal instructions 
prior to the beginning of each test and performed a practice test where no scores were 
recorded. Participants received no additional help after each test began. Any participants 
who consistently used corrective lenses during football activities were required to wear 
them while performing the visual performance assessments. 
Head Impact Telemetry System  
The research team instrumented all eligible helmets with HITS accelerometers. A 
certified athletic trainer, trained in using the HITS, monitored the head impact 
biomechanics data collection and recorded game start and stop times for each quarter. 
Data collected outside of the game start and stop times were disregarded. The certified 
athletic trainer set up the sideline Response System on the sideline of the field for all 
practices and games throughout the data collection period. 
Data Reduction 
 We categorized LESS total error scores into two groups: good movers (0-4 
errors), and poor movers (5 or more errors). Visual performance metrics including NPC 
and Senaptec Sensory Station assessments were measured on individual, continuous 
scales. The three trials of NPC were averaged together for a single NPC score. 
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Statistical Analyses  
We conducted all statistical analyses via SAS (Version 9.4, SAS Institute Inc., 
Cary, North Carolina) with an a priori alpha level of 0.05.  Descriptive statistics were 
computed for all explanatory variables and outcomes of interest. Assessment of data 
distribution and normality were completed prior to additional statistical analysis. 
 Separate random intercept general linear mixed models evaluated differences 
between movement quality group (poor vs good movers) on their average PLA and PRA 
of head impacts over a single playing season. We also used separate random intercept 
general linear mixed models to predict the average linear and rotational head 
accelerations of players from their preseason visual performance as a continuous variable. 
For these models, we used the natural logarithmic transformations of the linear and 
rotational accelerations to ensure normal distribution because our head impact data were 
skewed due to a high frequency of low magnitude impacts (7,9). Head impacts that did 
not reach a threshold of 10g of peak linear acceleration were not included in the statistical 






Twenty-six participants completed pre-season testing. Basic demographic 
information for all participants is presented in Table 3. One participant did not complete 
LESS testing because he was unable to jump. LESS scores of two participants were 
excluded from the statistical analyses because one participant did not complete all 3 
trials, and one participant did not wear shoes during the LESS testing. One participant’s 
visual performance testing was excluded from statistical analyses due to partial 
permanent vision loss, leaving us with a final sample of twenty-three participants (n=23).    
Descriptive data for LESS error scores are presented in Table 3. Descriptive data 
for the visual performance tasks are presented in Table 4. During the data collection 
period, the HITS recorded 14,517 head impacts from 12 games and 58 practices. Players 
in our sample experienced an PLA and PRA of 25.17 ± 17.26 g and 1168.42 ± 866.74 
rad/s2. Further descriptive statistics referring to head impacts observed during our study 
are shown in Table 5. Distribution of the head impacts mirrors previous literature and can 
be found in Figure 1.  
Good movers did not experience significantly decreased PLA or PRA of head 
impacts compared to poor movers (Table 6). Worse right eye Visual Clarity was 
minimally predictive of decreased peak linear accelerations of head impacts (p=0.037) 






 Overall, this study did not find significant associations between movement quality 
groups or visual performance with head impact biomechanics across a single playing 
season. In our sample, movement quality group did not predict head impact magnitudes; 
the only visual performance assessment statistically predictive of head impact magnitude, 
although clinically negligible, was Senaptec Sensory Station right-eye visual clarity. 
These findings suggest that a battery of potentially more responsive tasks may be needed 
to understand pre-season movement quality and visual performance measures that may 
indicate head impact risk. 
 In high school football, it is not uncommon for athletes to sustain hundreds of 
head impacts during one playing season (4). During our study, the majority of head 
impacts sustained were of relatively low magnitude. This distribution aligned with 
general trends measuring head impact biomechanics in helmet-based accelerometer 
studies (26). The average peak linear and peak rotational accelerations in our samples 
were, respectively, 25.17 g and 1168.42 rad/s2. These head impact magnitudes are 
consistent with the average findings of other studies that examined head impact 
biomechanics in both high school and collegiate populations (27,28). However, the 95th 
percentile most severe head impacts sustained in our study is considerably lower 
compared to those of collegiate football players (7). This is likely due to the size and 
experience level of collegiate athletes compared to high school athletes.  
Although our sample of twenty-three athletes yielded a much higher proportion of 
“poor movers” (n=17) to “good movers” (n=6), the total number of head impacts 
experienced by these two groups were very comparable. Poor movers sustained 7,748 
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impacts, while “good movers” sustained 6,769 head impacts. There are no significant 
differences in the PLA and PRA between the good and poor movement groups.  
A screening measure to predict head impact biomechanics has not yet been 
identified. However, numerous tools, including the LESS, have been effective in 
identifying movement patterns that align with lower extremity injury risk (13,29). We 
chose the LESS over other screening tools including the Functional Motor Screen and 
Star Excursion Balance Test because the LESS requires maintaining body control during 
a powerful task like jump landing, as do many elements of playing American football. 
Perhaps this non-reactive jump landing task does not illustrate the level of responsiveness 
needed to avoid head impacts in an intense, reactive environment such as American 
Football. For example, perhaps a dual-task assessment that involves a powerful task and 
cognition would be more representative of the demands of playing football. More 
research in this area should be conducted to determine effectiveness of different 
movement assessments in mitigating head impact biomechanics.  
A study of collegiate football players that used the LESS and Fusionetics screens 
was unable to identify links between movement quality and head impact biomechanics. 
They found, in a sample of elite division I collegiate athletes, movement quality was 
rather homogenous, making it difficult to identify extreme differences in movement 
quality that could lead to stark differences in head impact biomechanics (19). We 
speculated that a high school population would produce a wider array of movement 
capabilities. However, the majority of our participants LESS scores did not deviate from 
the mean. This likely impacted our ability to find statistically significant differences 
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between good and poor movement groups. Future research should include larger sample 
sizes, which would likely offer a higher degree of subject variability.    
 We observed few associations and found that worse right-eye Visual Clarity 
predicted lower PLA. These findings contrasted our original hypotheses. We 
hypothesized the functional visual tasks (Depth Perception, NPC, Perception Span, 
Multiple Object Tracking, and Reaction Time), which required integration of visual 
information (compared to structural tasks), would be predictive of head impact 
magnitudes. Although our single statistically significant finding seems to suggest that 
right-eye visual clarity is a risk factor for sustaining higher PLA, it is likely not clinically 
relevant. Based on our analysis, it would take a very significant increase in visual acuity 
to risk sustaining marginally higher PLA. 
It is likely that some aspects of visual performance are predictive of head impact 
biomechanics. A study of youth ice hockey players has shown that peak linear and 
rotational acceleration forces experienced can be mitigated when the players anticipate 
the impending head impacts (30). In a study designed similarly to ours, Harpham et al. 
observed associations between Perception Span, Depth Perception, Go/No Go, and 
Target Capture on the Nike SPARQ and severity of head impacts in collegiate athletes 
(9). Our study did not collect any data on the Senaptec assessments of Target Capture or 
Go/No Go. Only assessments that were available in the portable tablet version of the 
visual task platform were included in our study. Assessments of Depth Perception and 
Perception Span were performed in both studies; however, we did not see any significant 
relationship between performance on these assessments and head impact biomechanics. 
This could be related to age or development of adolescent, high school athletes compared 
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with adult collegiate athletes or to differences in skill level. High school football teams 
are generally comprised with athletes possessing a wide array of talents and skills. The 
adolescent athletes that participated in our study competed at a lower level than division I 
athletes. For that reason, they may not have developed the visual performance skills 
required to be successful as collegiate or professional athletes (21).  Conversely, Schmidt 
et al. found that participants that performed better on the visual performance metric Near-
Far Quickness experienced higher magnitude head impacts than lower performers (31). 
They attributed this finding to more skilled athletes hitting harder. We did not see this 
result in our sample of high school athletes, potentially because we were limited by our 
sample size.   
Limitations 
 Our study was one of the first to evaluate both movement quality and visual 
performance in the same study. However, our sample size was small and only included 
one high school team over one season. Future research should incorporate more diverse 
samples of high school athletes and over a longer period of time to further evaluate the 
relationship among movement quality, visual performance, and head impacts in high 
school football. 
 Further, we did not collect any data on Target Capture, Eye/Hand Coordination, 
or Go/No Go. We chose to administer only the tablet tests because these tests would have 
required more expensive equipment that would not reasonably be available in most high 
schools.  
 Finally, we only used the LESS to evaluate movement quality. Although we 
believe this test was the most appropriate assessment available to measure movement 
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quality related to head impact biomechanics, future work could be done to develop a 
novel assessment that involves reactionary action planning.  
Conclusions 
 Movement quality defined by the LESS and visual performance profile provided 
by the Senaptec Sensory Test battery may not be the best compilation of tests to 
understand potential for high school athletes to sustain high magnitude head impacts. 
Further research may be necessary to determine if head impact magnitudes are related to 
movement quality and how specific aspects of visual performance affect head impact 
biomechanics, especially in adolescent populations. Relationships between visual 
measures and head impact magnitude have shown that performance measures in some 
contexts may be meaningful. Therefore, the evaluation of both components of vision 
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Tables and Figures 
Table 1. Landing Error Scoring System Errors 
Potential Error  Description View # of Errors 





Feet are moderately externally rotated, 




one-foot lands before the other, or one-





Small amount of knee valgus (+1) or 
large amount of knee valgus (+2) 
Front +1-2 
Amount of lateral 
trunk flexion 
Leaning right or left so the trunk is not 
vertical 
Front +1 
Initial landing of 
feet 




Small amount (+2) or average amount 





Small amount (+2) or average amount 




Large displacement of trunk and knees 
(0); average amount of trunk and knee 
displacement (+1); small amount of 
trunk and knee displacement (+2) 
Side 0-2 
Overall impression  Soft landing and no frontal-plane 
motion at knee (0); Stiff landing and 
/or large frontal-plane motion at knee 





Table 2. Senaptec Sensory Station Evaluation Test Descriptions 





How clearly athletes see 
distant details. Measured 
in LogMAR. 
Participant stands 10ft 
away from Senaptec 
tablet, holding Senaptec 
remote input device, and 
vision occluder. 
Black Landolt rings (C-shaped ring) with gaps at the 
top, bottom, left, and right appeared in random order 
on a white background. The participant is instructed 
to swipe the screen of the remote input device in the 
direction of the opening of the Landolt ring. The 
rings are preset at varying acuity demands. The 
procedures include monocular assessments followed 




Ability to pinpoint subtle 
differences in contrast. 
Participant stands 10ft 
away from tablet, 
holding remote input 
device. 
Four black circles are presented on a light 
background. At random, one of the circles will 
contain a pattern of rings. The participant is 
instructed to swipe the screen of the remote input 




Accuracy in judging 2-
eyed depth information 
through multiple gaze 
positions. 
Participant stands 10ft 
away from tablet facing 
tablet, wearing 3D 
glasses and holding 
remote input device.  
The 3D glasses simulate depth in one of the four 
rings that appear on the screen. The participant is 
instructed to swipe the screen of the remote input 
device in the direction of the ring that appears 
closest. Test procedures are repeated standing to the 




Ability to quickly & 
accurately change visual 
attention between near 
and far distances. 
Participant stands 10ft 
away from tablet, 
holding remote input 
device. 
A series of black Landolt rings appear, alternating 
between the remote input device screen and the 
screen on the tablet display. The participant is 
instructed to swipe the screen of the remote input 





Speed and accuracy in 
obtaining critical visual 
information. 
Participant stands 2ft 
away from tablet. 
The participant focuses on a dot in the center of a 
grid pattern composed of up to 30 circles. A pattern 
of dots flash within the grid. The participant then 






Accuracy in tracking 
multiple objects moving 
at varying speeds. 
Participant stands 2ft 
away from tablet. 
The participant focuses on a central point of the 
screen. 2 to 5 sets of circles appear on the tablet 
screen. One dot of each pair briefly flashes red. The 
dots then rotate around each other at varying speeds. 
Once the dots are immobile, the participant is 
instructed to select the dot in each pair that flashed 




Duration of time it takes 
an individual to 
accurately respond to a 
visual stimulus with their 
hand. 
Participant stands 2ft 
away from tablet. 
Two annular patterns appear on the screen. The 
participant places their index fingers on the inner 
circle of each pattern, and focuses on the center of 
the annular pattern in front of them. After a random 
delay of 2, 3, or 4s, one or both patterns turn red, 
prompting the athlete to remove the required index 
finger(s) as quickly as possible. 
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Table 3. Participant Demographic and Movement Quality Descriptive Data Overall 
and by Movement Quality Group (n=23) 
   95%Confidence Limits   









LESS Total Error 
Score  
5.48 4.77 6.19 1.65 5.00 4.00 6.00 
Age (years) 16.89 16.87 16.90 0.85 16.91 16.15 17.59 
Height (cm) 184.56 184.46 184.66 6.30 181.61 180.34 190.50 
Mass (kg) 98.00 97.66 98.32 20.28 90.26 83.91 115.67 
Good Movers: 
LESS Total Error 
Score (n=6) 
3.67 3.12 4.20 0.52 4.00 3.00 4.00 
Age (years) 16.75 15.60 17.91 1.10 16.95 15.58 17.56 
Height (cm) 183.73 170.49 196.97 12.62 181.61 180.34 190.50 
Mass (kg) 95.63 69.18 122.10 25.21 87.32 77.11 115.67 
Poor Movers:  
LESS Total Error 
Score (n=17) 
6.12 5.39 6.84 1.41 6.00 5.00 6.00 
Age (years) 16.70 16.26 17.15 0.87 16.62 16.04 17.32 
Height (cm) 183.78 180.61 186.94 6.15 185.42 180.34 187.96 
Mass (kg) 89.33 80.45 98.21 17.27 86.12 80.74 96.62 
LESS=Landing Error Scoring System  
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Table 4. Visual Performance Metrics Descriptive Data (n=23) 
  95% Confidence Limits     








Visual Clarity – R 
(logmAR) 
-0.0067 -0.073 0.059 0.26 -0.07 -0.19 0.067 
Visual Clarity – L 
(logmAR) 
0.0087 -0.058 0.075 0.27 -0.07 -0.19 0.067 
Visual Clarity – B 
(logmAR) 
-0.14 -0.21 -0.079 0.25 -0.19 -0.28 -0.070 
Contrast Sensitivity 
(6 cpm) 
2.01 1.96 2.07 0.23 2.00 1.90 2.20 
Contrast Sensitivity 
(18 cpm) 
1.55 1.47 1.63 0.308 1.60 1.40 1.80 
Depth Perception – P 
(arcsec) 
144.95 121.43 168.47 94.16 176 52.00 240.00 
Depth Perception – L 
(arcsec) 
160.14 136.64 183.64 94.10 217.00 52.00 240.00 
Depth Perception – R 
(arcsec) 
152.44 129.25 175.62 92.82 207.00 41.00 240.00 
Near-Far Quickness 
– RT to Far (ms) 
129.75 88.62 170.88 164.66 95.50 69.74 133.63 
Near-Far Quickness 
– RT to Near (ms) 
248.74 60.45 437.03 753.80 102.52 71.15 162.83 
Near-Far Quickness 
Score 
20.73 19.13 22.34 6.41 22.00 16.00 25.00 





1393.81 1235.00 1552.61 635.72 1274.42 949.33 1806.65 
Reaction Time (ms) 355.00 344.11 365.89 43.61 353.00 321.00 385.50 
Reaction Time – 
Dominant Hand (ms) 
357.03 346.14 367.91 43.57 362.50 326.50 387.50 
Reaction Time – 
Non-Dominant Hand 
(ms) 
352.20 339.87 364.54 49.38 344.00 313.50 388.00 
Near Point 
Convergence (cm) 






Table 5. Head Impacts and Movement Quality Descriptive Data 
   95% Confidence Limits    
Head Impacts Mean Lower Upper 
Standard 
























1149.28 1130.19 1168.37 857.22 939.84 2745.18 
LESS=Landing Error Scoring System 
PLA=Peak Linear Acceleration 





Table 6. Model Results for Associations between Movement Quality and Head 
Impact Magnitudes – Poor vs. Good Movement Quality* 





Lower Upper Standard Error F-value P 
PLA (g) -0.017 -0.095 0.061 0.038 0.20 0.661 
PRA (rad/s2) -0.056 -0.16 0.044 0.048 1.34 0.258 
PLA=Peak Linear Acceleration 
PRA=Peak Rotational Acceleration 
*Total Head Impact n = 14,517. Included in this analysis were good movers: n = 6,769 and poor movers:  





Table 7. Model Results for Associations between Visual Performance and Peak Linear 
Acceleration (g)* 
  95% Confidence Limits    




Visual Clarity (L) -0.099 -0.31 0.11 0.10 0.94 0.342 
Visual Clarity (R) -0.23 -0.44 -0.014 0.10 4.82 0.037 
Visual Clarity (B) -0.17 -0.46 0.11 0.14 1.57 0.221 
Contrast Sensitivity (6) 0.11 -0.07 0.29 0.09 1.62 0.215 
Contrast Sensitivity (18) 0.039 -0.12 0.19 0.075 0.26 0.613 
Depth Perception (P) -0.00026 -0.00066 0.00014 0.00020 1.78 0.194 
Depth Perception (L) -0.000080 -0.00050 0.00035 0.00021 0.13 0.717 
Depth Perception (R) -0.0000022 -0.00043 0.00042 0.00021 0.00 0.992 
Near-Far Quickness (RT to 
Near) 
-0.00045 -0.0013 0.00035 0.00039 1.32 0.261 
Near-Far Quickness (RT to 
Far) 
0.0055 -0.0020 0.013 0.0037 2.24 0.146 
Multiple Object Tracking 
(Composite) 
0.000032 -0.000020 0.000086 0.000026 1.46 0.238 
Reaction Time -0.00076 -0.0017 0.00021 0.00047 2.59 0.119 
Reaction Time (Dominant 
Hand) 
-0.00086 -0.0019 0.00013 0.00048 3.20 0.085 
Reaction Time (Non-
Dominant Hand) 
-0.00052 -0.0014 0.00032 0.00041 1.62 0.215 
Perception Span 0.0010 -0.0018 0.0039 0.0014 0.55 0.464 
Near Point Convergence -0.00038 -0.016 0.015 0.0074 0.00 0.959 






Table 8. Model Results for Associations between Visual Performance and Peak Rotational 
Acceleration (rad/s2)* 
  95% Confidence Limits    




Visual Clarity (L) -0.076 -0.36 0.21 0.14 0.31 0.584 
Visual Clarity (R) -0.12 -0.42 0.18 0.15 0.67 0.421 
Visual Clarity (B) -0.000090 -0.39 0.39 0.19 0.00 0.999 
Contrast Sensitivity (6) -0.039 -0.29 0.21 0.12 0.10 0.751 
Contrast Sensitivity (18) -0.058 -0.26 0.14 0.099 0.35 0.559 
Depth Perception (P) -0.00022 -0.00076 0.00032 0.00026 0.71 0.407 
Depth Perception (L) 0.00012 -0.00043 0.00068 0.00027 0.21 0.652 
Depth Perception (R) 0.000029 -0.00053 0.00058 0.00027 0.01 0.917 
Near-Far Quickness (RT to 
Near) 
-0.00057 -0.0016 0.00047 0.00051 1.27 0.270 
Near-Far Quickness (RT to 
Far) 
0.0025 -0.0079 0.013 0.0050 0.24 0.628 
Multiple Object Tracking 
(Composite) 
0.000012 -0.000060 0.000085 0.000035 0.11 0.743 
Reaction Time -0.00079 -0.0021 0.00051 0.00063 1.56 0.223 
Reaction Time (Dominant 
Hand) 
-0.00059 -0.0020 0.00077 0.00066 0.80 0.379 
Reaction Time (Non-
Dominant Hand) 
-0.00074 -0.0018 0.00034 0.00053 1.99 0.171 
Perception Span -0.0013 -0.0052 0.0025 0.0019 0.51 0.480 
Near Point Convergence -0.0081 -0.028 0.012 0.0097 0.70 0.412 


















CHAPTER V ADDITIONAL RESULTS AND DISCUSSION  
Aim 2 Results and Discussion 
For Aim 2, sixty-four participants completed pre-season testing. All sixty-four 
(n=64) participants completed visual performance testing. Participant demographic 
information can be found in Table 9. One participant’s visual performance testing was 
excluded from statistical analyses due to partial permanent vision loss. Further, Near-
Point Convergence measurements were not collected from one participant. Due to injury, 
only sixty-three (n=63) participants completed LESS testing. LESS scores of three 
participants were excluded from statistical analyses for the following reasons: 1) one 
participant did not complete all 3 trials, 2) one participant did not wear shoes to complete 
the assessment. Additionally, one participant’s visual performance data was not included 
in statistical analysis due to partial permanent vision loss, leaving us with a final sample 
of 59 participants (n=59). Our participants were divided into two categories to describe 
their movement profiles: “poor movers” (LESS score ≥5) and “good movers” (LESS 
score <5). There were 39 (n=39) poor movers, and 20 (n=20) good movers. There were 
no significant associations found between visual performance measures and LESS 







Table 9. Participant Demographic and Movement Quality Information  
   95%Confidence Limits   









LESS Total Error 
Score (n=59) 
5.29 4.93 5.65 1.39 5.00 4.00 6.00 
Age (years) 15.89 15.57 16.22 1.23 15.72 14.87 16.74 
Height (cm) 178.91 176.59 181.23 9.30 180.34 172.72 185.42 
Mass (kg) 80.00 75.25 84.74 19.01 74.84 66.91 87.77 
Good Movers: 
LESS Total Error 
Score (n=20) 
3.89 3.74 4.05 0.32 4.00 4.00 4.00 
Age (years) 16.03 15.42 16.64 1.31 15.76 15.25 16.72 
Height (cm) 179.43 175.95 182.90 8.42 180.34 175.25 182.88 
Mass (kg) 83.66 75.40 91.92 20.02 77.11 69.85 90.26 
Poor Movers:  
LESS Total Error 
Score (n=39) 
6.00 5.62 6.38 1.17 6.00 5.00 6.00 
Age (years) 15.82 15.34 16.22 1.21 15.58 14.82 16.83 
Height (cm) 178.58 175.37 181.79 9.91 177.80 170.18 185.42 
Mass (kg) 77.65 71.74 83.55 18.21 74.84 63.50 87.54 
 
This study was one of the first to directly examine relationships between measures 
of visual performance and movement quality. We did not see any statistically significant 
associations between NPC, Senaptec Sensory Station, and the LESS. The LESS does not 
require an outstanding amount of visual information to be completed. To complete the 
task, participants need to obtain information about how far away they are from their 
desired landing point, and how high they are from the ground. However, the degree of 
difficulty the Depth Perception assessment on the Senaptec Sensory Station requires is 
much higher. In the assessment, participants need to detect subtle differences in depth on 
a screen that is 3m away from them. This does not translate well to the abilities necessary 
to judge the depth from a short box to a pre-determined spot on the ground. Further, some 
Senaptec Sensory Station tests require other aspects of cognition not necessary for the 
LESS. For example, the Perception Span test involves the processes of visual working 
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memory. Similarly, NPC requires the ability to maintain binocular fusion, as objects 
approach the face. No part of the LESS involves objects coming within a few centimeters 
of the face. 
Although the visual performance metrics we used are more cognitively 
challenging, the LESS requires greater neuromuscular control. The motor outputs 
required by the Senaptec Sensory Station tests only involve tapping a screen, and are very 
small compared to that of the LESS. The jump-landing task requires powerful muscle 
contractions of the upper and lower extremities to generate force and activation of the 
core to stabilize the body. Motor planning necessary to achieve outputs required by this 
task are for more gross responses than those of the fine motor tasks involved in tapping of 
a screen.58  
We may have seen different results if we had chosen a movement quality task that 
involved more integration of visual information; however, this would not have evaluated 
neuromuscular and visual performance independently. Vision has an integral role in 
proprioception, which makes these two systems very difficult to isolate in a population of 





Table 10. Relationships Between Visual Performance and Landing Error 
Scoring System Movement Quality Group (n=59) 




Lower  Upper P 
Visual Clarity (R)   0.18 0.66 0.10 4.37 0.667 
Visual Clarity (L)  0.82 0.42 0.063 2.77 0.364 
Visual Clarity (B)  0.03 1.21 0.16 9.18 0.853 
Contrast Sensitivity 
(6) 
0.33 1.91 0.21 17.28 0.564 
Contrast Sensitivity 
(18)  
2.43 4.01 0.70 23.01 0.119 
Depth Perception (P)  0.28 1.00 0.99 1.00 0.595 
Depth Perception (L)  0.38 1.00 0.99 1.00 0.537 
Depth Perception (R)  0.30 1.00 0.99 1.00 0.584 
Near-Far Quickness 
(RT to Far)  
0.01 1.00 0.99 1.00 0.941 
Near-Far Quickness 
(RT to Near) 
0.10 1.00 0.99 1.00 0.746 
Near-Far Quickness 
Score  
0.11 1.01 0.94 1.10 0.737 
Perception Span 0.25 1.01 0.97 1.05 0.614 
Multiple Object 
Tracking (Composite)  
0.01 1.00 0.99 1.00 0.916 
Reaction Time 0.20 1.00 0.99 1.01 0.657 
Reaction Time 
(Dominant)  
0.03 1.00 0.99 1.01 0.860 
Reaction Time (Non-
Dominant)  
0.47 1.00 0.99 1.01 0.494 
Near Point 
Convergence 
0.64 1.07 0.91 1.24 0.422 
*Odds of being in the poor movement group 
Discussion of Results and Relationship to Original Hypotheses 
For Aim 1 we hypothesized that movement quality and functional visual 
performance assessments would be related to magnitudes of head impacts. We observed 
few associations and found that worse right-eye Visual Clarity predicted lower PLA. 
These findings contrasted our original hypotheses. Although our single statistically 
significant finding seems to suggest that right-eye visual clarity is a risk factor for 
sustaining higher PLA, it is likely not clinically relevant. Based on our analysis, it would 
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take a very significant increase in visual acuity to risk sustaining marginally higher PLA. 
Our non-significant findings suggest that there may need to be other factors assessed to 
determine head impact risk over a playing season of high school football. However, it 
should be noted that our sample size was small and larger samples may find different 
results. 
For Aim 2, we observed no relationships between visual performance metrics and 
movement quality group. This was contrary to our hypotheses. The primary reason for 
this may be that they measure two independent systems that although important may not 
be closely related as measured by these tasks. The LESS and Senaptec Sensory Station 
were developed to serve two different purposes and while they are unrelated, each has 
utility, respectively, in identifying individuals with potentially risky movement patterns 
and sub-par visual performance.34,46 Future research should include varying movement 
tasks, perhaps some that include response to visual ques to asses these more complex 
relationships.  
As with any study, this is not without limitation. Although ours was one of the 
first studies to evaluate both movement quality and visual performance simultaneously, 
our sample size was small and only included one high school team, over one season. 
Future research should incorporate more diverse samples of high school athletes and over 
a longer period of time to further evaluate the relationship among movement quality, 
visual performance, and head impacts in high school football. 
 Contrary to our results, there is still a possibility that visual performance and 
movement quality are related in athletics. We attempted to establish this relationship 
using only used one visual performance assessment and one measure of movement 
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quality. Future research could examine relationships between visual performance and 
movement quality using a wider array of assessments, or tasks that require more similar 
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